Abstract An activated carbon was prepared by phosphoric activation of olive pomace and further oxidation by nitric acid. Another carbon was obtained from b-cyclodextrin dehydration in concentrated sulfuric acid. A composite of the oxidized activated carbon and the carbon from b-cyclodextrin was prepared. The four materials were characterized by N 2 adsorption-desorption measurements, X-ray diffraction, infrared and Raman spectroscopies, elemental analysis, ''Boehm" titration and measurements of pH of the point zero charge. The obtained adsorbents were tested for boron adsorption in aqueous solution. Despite their lowest specific surface areas, the composite carbon and the amorphous carbon from cyclodextrin dehydration showed the highest boron adsorption uptake (1.41 and 1.68 mgÁg À1 ) compared to the raw (1.05 mgÁg
Introduction
Activated carbons are among the most effective adsorbents because of their excellent adsorption capacity for organic targets [1, 2] . However, the efficiency and the specificity of activated carbon adsorbents is not satisfactory enough compared to polymer resins for the depollution of waste water contaminated with heavy metals and/or metalloids. Due to rising costs and extensive demand, the environmental protection needs, not only new precursor sources for the preparation of active carbons but also an increased efficiency which is constantly sought for the reuse of the waste materials.
b-cyclodextrin (b-CD) is a class of cyclic oligosaccharides and composed of a 1-4 linked glucopyranose subunit [3] . It can form stable host-guest inclusion complexes or nanostructure supramolecular assemblies because of its truncated cone structure with a hydrophobic cavity [4] . Abe et al. observed that activated carbons can immobilize the native and the modified cyclodextrins by adsorption from aqueous solutions and that the extent of adsorption was dependent both on the number of glucose units of the cyclodextrin and on the pore size distribution of the carbon material [5] . Some studies were devoted to the modification of activated carbons by cyclodextrin in order to improve their adsorption properties [6] . It is also well known that b-CD as a carbohydrate reacts with sulfuric acid to give amorphous carbon [7] .
The surface properties of an activated carbon may improve or hinder its ability to graft certain species on its surface. The characteristics of an activated carbon depend on the precursor and the activation method used in its manufacturing process [8] . These characteristics are known to be modified by treatment of the activated carbon with oxidizing agents, such as nitric acid, hydrogen peroxide, etc. Several types of surface functional groups can be produced by oxidation treatments (carboxylic, phenolic, lactones and peroxides). Among these treatments, nitric acid oxidation yields to a significant increase in the number of acidic groups like carboxylic groups [8] .
Very few publications report the use of activated carbons to remove boron from waste water or contaminated drinking water [9, 10] . Indeed, the removal of boron below the recommended concentration of 0.3 mgÁL À1 (World Health Organization [11] ) is needed for the potabilization treatment of some boron polluted water.
Our objective was to prepare an activated carbon of interesting efficiency in boron removal. The motivation for this research was to obtain carbon surfaces rich in hydroxyl groups in order to improve the boron adsorption uptake. Indeed, hydroxyl groups from carbon materials are expected to complex the boron species (boric acid or borate anions). As for other solids such carbon with high content of hydroxyl groups can be a promising material for boron water purification [12] .
In the first approach, a raw activated carbon was prepared from olive pomace and oxidized in order to develop carboxylic groups at its surface. The second approach consisted in the preparation of an amorphous carbon obtained from the dehydration of b-CD and expected to contain a high content of hydroxyl groups. A composite was also prepared from both activated carbons. The structure and surface properties of the adsorbents were characterized using Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, powder X-ray diffraction (XRD), elemental analysis (CHNO/S), ''Boehm" titrations, measurements of pH of the point zero charge (pH PZC ) and N 2 adsorption-desorption at 77 K. Finally, removing of boron from the aqueous solutions (from adsorption isotherms) was compared for all prepared activated carbons. The detailed surface chemistries and structures induced by material preparation and modification were studied in order to better understand their relations with the boron adsorption properties.
Materials and methods

Preparation of activated carbons from olive pomace
An olive pomace was obtained from the Mornaguia area (Tunisia). The dried pomace was first stirred in water at 60°C for 4 h and then sieved to separate the lignocellulosic precursor from the unwanted cortex material. The precursor (from milled derive stones) was finally dried at 100°C overnight and sieved to keep the fraction of particle sizes between 2 mm and 3 mm. This sample (50 g) was impregnated with 100 mL of 85 wt% H 3 PO 4 (impregnation ratio equal to 118 wt%). This mixture was stirred at 85°C for 3 h, dried in an oven at 110°C and further pyrolized at 500°C in a cylindrical stainless steel reactor, into a tubular furnace (heating rate of 5°CÁmin ). Temperature was set to 500°C as it is well known that the carbons from plant species origin show the highest specific surface area while pyrolizing in the 450-500°C range [13] .
To remove the excess of H 3 PO 4 , the activated material was extensively washed (at least two weeks) with distilled water into a Soxhlet extractor at 100°C. Then it was filtrated and dried in an oven at 110°C. This Sample was referred to ''AC". The yield of production (i.e. the ratio of the final weight of the produced activated carbon to the initial weight of the raw material; both on a dry basis [14] ) was 34% in agreement with other studies (i.e. 31.9-48.5% for an activated carbon from fruit stones) [15, 16] .
The activated carbon obtained was further oxidized by adding 50 mL of 5 molÁL À1 nitric acid to 5 g of AC in an Erlenmeyer. The mixture was heated at 60°C on a hot plate at constant stirring for 24 h and then washed with distilled water into a Soxhlet extractor at 100°C (at least two weeks). After filtration, the sample was dried in an oven at 110°C, it was referred to as ''AC OX ".
Preparation of a carbon from b-cyclodextrin dehydration
Prior to use, b-cyclodextrin (b-CD, Lestrem, France) was dried at 120°C overnight under vacuum. In a flask containing 30 mL of toluene, 1 mL of 18 molÁL À1 H 2 SO 4 and 3.26 g of dried b-CD were added. The mixture was kept under reflux for 24 h at 110°C with continuous stirring. The initially white b-CD first turned yellowish then black. The excess of solvent was further removed by rotary evaporation and the solid was thoroughly washed by distilled water into a Soxhlet extractor at 100°C (for 48 h) and finally dried in an oven at 110°C overnight. This sample was referred to as ''CCD".
Preparation of a composite carbon
In a flask, 1 g of the oxidized activated carbon AC OX and 3.26 g of b-CD were suspended in toluene (30 mL). 1 mL of H 2 SO 4 (18 molÁL À1 ) was added and the flask was kept under reflux for 24 h at 110°C with continuous stirring. The excess of solvent was removed and the solid was washed and dried following the same protocol as for the carbon from cyclodextrin. This sample was referred to ''CCD-AC OX ". Boehm titrations quantify the basic and oxygenated acidic surface groups on activated carbons [17, 18] . Surface functional groups such as carboxyl (RACOOH) and P-containing acidic groups, lactones (RAOCO), phenols (Ar-OH), carbonyls or quinones (RR'C‚O) and basic groups were determined. Surface functional groups were quantified by assuming that NaOH did not react with the RR'C‚O groups; Na 2 CO 3 did not react with RR'C‚O and RAOH groups; and that NaHCO 3 only reacted with RACOOH groups and the P-containing acidic groups.
Experimentally, about 0.1 g of each sample (AC, AC OX , CCD and CCD-AC OX ) was mixed in a closed polyethylene flask with 20 mL of a 0.02 molÁL À1 aqueous reactant solution (NaOH, or Na 2 CO 3 , or NaHCO 3 ). The mixtures were stirred for 48 h at a constant speed of 150 rpm at room temperature before being filtered through 0.45 lm membrane filters (Millipore 405 314). To determine the oxygenated group's content, back-titrations of the filtrate (10 mL) were performed with standardized HCl (0.02 molÁL À1 ). The numbers of all acidic sites were calculated under the assumption that NaOH neutralizes carboxylic, phenolic and lactonic groups. Basic groups contents were also determined by back titration of the filtrate with NaOH (0.02 molÁL À1 ) after agitation of the activated carbon (0.1 g) in HCl (0.02 molÁL
À1
) for 48 h.
pH of point zero charge
The point of zero charge (pH PZC ) describes the condition when the electrical charge density on a surface is null. The pH PZC was determined by the so-called pH drift method [17] . The pH of a deoxygenized suspension of the activated carbon (0.15 g) in a NaCl aqueous solution (50 mL at 0.01 molÁL
À1
) was adjusted to successive initial values between 2 and 10. The suspensions were stirred 48 h under N 2 and the final pHs were measured and plotted versus the initial pHs. The pH PZC was determined at the value for which pH final = pH initial.
Elemental analysis
The elemental analyses of AC, AC OX , CCD and CCD-AC OX were performed using a CHNO/S analyzer (2400II, PerkinElmer) on $46 mg of dry sample per measurement. The samples were kept at 100°C for 24 h before analysis.
FTIR spectroscopy
The FTIR spectra were recorded with a BRUKER (EQUI-NOX 55) FTIR spectrophotometer on dried pellets obtained by pressing a mixture of 1 mg of each sample (well dried) and 300 mg of dried spectrometric grade KBr under 350 MPa. Spectra were recorded in the 4000-400 cm À1 range with a 4 cm À1 resolution, 64 scans were performed on each sample.
Raman characterization
Raman analyses were carried out at room temperature using a Dilor XY-800 confocal micro-Raman spectrometer coupled with a microscope. The spectra were recorded in backscattering geometry, at 514.5 nm radiation beam from an Ar-Kr laser focused on the sample (spot of 2 lm; power of 20 mW). Baseline corrected spectra were computed using Origin 6.0.
X-ray diffraction
The X-ray diffraction (XRD) diagrams were obtained on a Philips X'Pert PRO MRD (PW 3050) diffractometer at the CuK a1 radiation (1.54056 Å ). The measurements were recorded under Bragg-Brentano geometry in the 5-70°2h range (0.05°step).
2.4.7. N 2 adsorption-desorption at 77 K N 2 adsorption-desorption isotherms of the activated carbons were measured at 77 K using an automatic sorptometer (ASAP 2020, Micromeritics), after degassing AC and AC OX samples overnight at 250°C and CCD-AC OX and CCD at 60°C for three days to avoid the decomposition of the surface groups of these materials.
The specific surface areas of the activated carbons were calculated using the Brunauer-Emmett-Teller (BET) equation, assuming 0.162 nm 2 area for the nitrogen molecule. As negative unrealistic C factors were obtained by applying the BET model in the relative pressure range from 0.05 to 0.3, the BET specific surface areas were then preferentially computed in the relative pressure range from 0.01 to 0.05, as for the microporous materials.
The total pore volume was estimated to be the liquid volume of N 2 adsorbed at a relative pressure of 0.995. In addition, the micropore volume was determined by using the Dubinin-Radushkevich equation for N 2 adsorption (P/P 0 from 0.005 to 0.01). The mesopore volume was calculated from the difference of the total pore volume and the micropore volume for the microporous/mesoporous samples (AC, AC OX , CCD-AC OX ). In case of CCD (mesoporous sample), the mesoporous volume was calculated by the BJH (Barrett Joyner Halenda) method along the adsorption branch of the isotherm. For this sample, the micropore volume was calculated from the difference of the total pore volume and the mesopore volume.
Boron adsorption isotherms
Equilibrium adsorption was studied at 25°C for 3 h using 1 g of sample in 100 mL of solution containing boron concentrations in the 5-100 mgÁL À1 range. The initial pH was set to the pKa value of H 3 BO 3 /B(OH) 4 À , i.e. 9.26, by addition of a 0.1 molÁL À1 NaOH solution. After adsorption, the dispersions were centrifuged at 180 rpm for 15 min, and the boron concentrations of the recovered solutions were determined by spectrophotometry (Perkin-Elmer, Lambda 2, quartz cells) at 410 nm using azomethine-H as a complexant, according to the method described in Ref. [19] . The adsorption uptake of boron (q e ) onto each adsorbent (AC, AC OX , CCD-AC OX and CCD) was calculated from the mass balance relationship:
where V (mL) is the solution volume, C t and C e (mgÁL
À1
) are concentrations of the initial and final solutions of boron, respectively; and w (g) is the dried adsorbent mass. Table 1 shows that HNO 3 oxidation of AC has mainly increased the carboxyl content leading to a more hydrophilic Characterization of carbons from b-cyclodextrin dehydrationand acidic carbon material as previously reported [17, 20] . At the same time, the surface basicity was found to decrease possibly because the increase in the oxygen content diminished the electronic density of the basal planes and, consequently, reduced the Lewis type basic sites, associated with p electron-rich regions found on basal planes [21] . The highest increase in the oxygenated surface group content after the HNO 3 oxidation of AC is due to the formation of additional carboxylic groups (Table 1) .
The pH PZC value of AC (3.79) is in agreement with the one (i.e. 3.7) measured by Clark et al. [22] for an activated carbon prepared by H 3 PO 4 activation of coffee residues at 350°C. Moreover, the predominance of phenolic and carboxylic surface groups was also reported for other adsorbents prepared by H 3 PO 4 activation at temperatures of 350 and 450°C, with corresponding pH PZC values of 3 and 4 [23] . The pH PZC of AC decreased after oxidation (2.24) confirming that acidic groups, such as carboxylic groups are additionally formed by the HNO 3 treatment.
The highest amount of acidic surface groups was formed in CCD obtained by the dehydration of cyclodextrin ( Table 1) . The values of the oxygenated surface group content were ten times the ones found in AC or AC OX . The high value in acidic groups could be explained by the reaction with sulfuric acid and the possible formation of sulfonic acid groups. In CCD, among the various oxygenated groups the phenolic groups were found at the highest content.
In the composite material (CCD-AC OX ) the value of pH PZC has slightly decreased to 3.02 compared to the one of AC in agreement with its higher content in acidic groups. The amount of oxygenated group in this sample is intermediate between the one in ACox and CCD showing that this is somewhere quite a mixture of these two kinds of carbons. CCD-AC OX is also richer in phenolic groups than in any other kind of oxygenated surface group.
Elemental analysis
Comparison of the elemental analysis of AC, AC OX , CCD and CCD-AC OX (Table 2) displays that all the carbons possess a high content of oxygen (in the 35-51% range). The contents in oxygen and hydrogen are higher for AC OX than for the corresponding non-oxidized sample (AC), confirming the presence of oxygenated groups on the oxidized carbon upon the nitric acid treatment. This treatment also introduces small amounts of nitrogen (1.6% of nitrogen in AC OX ) possibly as nitro groups.
The presence of nitrogen in CCD-AC OX is attributed to the impurities of nitrate from the oxidized carbon support. On the other hand, the significant presence of the sulfur element in CCD indicated that sulfonic acid groups might be grafted on the b-CD.
The high percentage of carbon in CCD is a result of the transformation of cyclodextrin to an amorphous carbon after reaction with sulfuric acid.
FTIR analyses
FTIR spectra of AC, AC OX , CCD and CCD-AC OX are shown in Fig. 1(a and b) . For all the samples, the stretching vibrations of the ÀOH groups (t OH ) observed around 3400 cm À1 were partly attributed to the residual presence of adsorbed water in the carbons. The highest intensity of this band in CCD might also be related to the highest amount of phenolic groups in this material.
Whatever the carbon material, the aromatic ring stretching at 1580-1600 cm À1 (t C‚CAr ), is observed. The shift of this aromatic ring stretching to 1640 cm À1 (t C‚CAr ) in the materials containing the nitric acid oxidized carbons (AC OX , and CCD-AC OX ) with respect to AC or CCD might be related to the coupling of aromatic ring stretching to highly conjugated carbonyl groups (C‚O) [24] .
For all the carbon materials, the band at 1700 cm À1 (t C‚O ) is assigned to the AC‚O bond in carbonyl, carboxyl, anhydride and lactone. The intensity of this band was found to be weak in AC and AC OX but quite strong in CCD and CCD-AC OX confirming the reaction of cyclodextrin in the presence of sulfuric acid. The presence of the bending vibrations (out of plane) of CAH bonds (d C-H ) ranging from 900 to 700 cm À1 both in CCD and CCD-AC OX (Fig. 1b) spectra might be the signature of the dehydration of cyclodextrin.
The CAO stretching bands (t CAO ) which are the signature of the oxygenated functional groups were observed in all the carbons in the range [1000-1050 cm À1 ] at various intensity levels. Particularly, the bands were more intense for CCD and AC. In these two carbons, the strong CAOAC stretching bands (t CAOAC ) were also observed ranging from 1100 to 1200 cm À1 indicating the presence of aromatic ether or ester bond. The CAH stretching bands (t CAH ) at about 2920 and 2850 cm À1 were observed in AC material and in a lesser extent in CCD. The CAH bands were not observed in AC OX (after the nitric acid treatment) spectrum neither in CCD-AC OX spectrum. The signature of the treatment with HNO 3 might also be a weak and sharp nitrate band (symmetric stretching) observed at 1385 cm À1 (t N‚O ) in the AC OX infrared signal. Some infrared bands might reflect the presence of sulfur in CCD observed by elemental analysis. Indeed, the band at 1250 cm À1 in CCD might be due to the presence of sulfonic acid groups (t S‚O ). Moreover, the bands in the 700-900 cm À1 region might refer to SAOAR stretching.
Raman spectra
The Raman spectra of AC, AC OX, CCD CCD-AC OX and b-CD (Fig. 2) exhibit two relatively broad Raman bands at about $1350 and $1600 cm À1 assigned to defects and disorder mode (D mode) and graphitic structure mode (G mode), respectively [25] . The peak observed at 1600 cm À1 for the G mode (first order) corresponds to the movement of two neighboring sp 2 carbon atoms in a graphitic sheet in opposite direction (E 2g symmetry). D band, at around 1350 cm À1 , whose origin had long been debated [26] was recently attributed to double resonant Raman scattering [26] . The G band was broadened and shifted to lower values (1580 cm
À1
) for the CCD-AC OX composite carbon showing its highly disordered nature and possibly the presence of a small amount of sp 3 in the main sp 2 carbon matrix [27] .
As shown by Ferrari and Robertson [27] , the I D /I G ratio (where I D and I G are the intensities of D and G bands, respectively) can be related to the coherence length along the basal plane (L a ). These authors have found that the relation
2 is valid for amorphous carbon (non graphitic carbon with L a < 2 nm such as activated carbons). Thus, the more intense G band (at 1600 cm
) for CCD compared to the D one, might indicate the lowest size of the basal domain dimension (i.e. the graphitic planes basal dimension L a ) for CCD with respect to the other studied carbons, pointing to its amorphous nature.
None of the studied carbons clearly shows the Raman bands of b-CD. But on the spectra of CCD-AC OX a broad band appears at about 437 cm À1 , which is also present in the CCD spectrum (at 424 cm
). This band which may be attributed to skeletal modes of b-CD involving a-1,4 linkage [28] , may originate from a residue of untransformed b-CD after the reaction with sulfuric acid.
X-ray diffraction
XRD spectra of AC and AC OX are characteristic of activated carbon materials (Fig. 3) . The strongest diffraction peak at 2h = 25.54°(d = 0.348 nm) can be indexed as the 0 0 2 reflection of a turbostratic carbon structure [29] whereas the peak at 2h $ 43.2°corresponds to the 1 0 1 band. The appearance of a peak at 2h of about 12°for AC, AC OX and CCD-AC OX can be attributed to the presence of disordered non graphitic carbonized materials rich in oxygen content originating from the preparation conditions of AC (about 35.2% oxygen, Table 2 . XRD patterns of AC OX and CCD-AC OX are quite similar, which suggests no alteration in the structure of AC OX occurs through the preparation of the composite. The 0 0 2 line becomes broader and shifted to higher 2h value after oxidation characterizing a decrease of the average interlayer distance and a decrease in the coherence domain length along the c axis.
The broad peak observed for CCD at $20°is in fact the sum of the two peaks observed in the other carbons: 0 0 2 peak from turbostratic carbon at 2h = 25.54°and the peak at $12°f rom more disordered carbon (quite amorphous). However this latter peak is stronger in CCD than in other carbons showing its amorphous nature. Moreover, no 1 0 1 band was Characterization of carbons from b-cyclodextrin dehydrationobserved on the diffractogram of CCD, confirming the very low L a value in this material explained by its disordered and amorphous nature. Fig. 4 shows the N 2 adsorption-desorption isotherms (at 77 K) of AC, AC OX , CCD-AC OX and CCD. The isotherms of AC and AC OX are type I and typical of mainly microporous activated carbons, whereas the ones of CCD, and CCD-AC OX are mainly type II with a negligible microporous volumes and a very low mesoporous volume. In the CCD-AC OX composite the micropore volume has sharply decreased compared to AC and AC OX .
Porosity characterization
The porous volume and BET specific surface area (Table 3 ) were decreased after oxidation of AC (from 958 to 738 m 2 Ág À1 ) because the pores were either collapsed or blocked after strong reaction with the oxidizing agent (i.e. HNO 3 ) [30] in agreement with the study of Shim et al. [31] and Jaramillo et al. [32] .
The CCD-AC OX composite showed very low specific surface area (5 m 2 Ág À1 ) explained by the possible formation of carbon from cyclodextrin dehydration at the surface of the activated carbon (AC OX ) blocking up the pores. The carbon from cyclodextrin (CCD) was mainly mesoporous contrary to AC and AC OX with a small specific surface area (94 m 2 Ág À1 ).
Boron adsorption
The main existing forms of boron were both H 3 BO 3 and B (OH) 4 À at the working pH (pH = 9.26) [33] . As the pH of point zero charge of all the adsorbents were found to be acidic, their surfaces at the working pH were negatively charged. Thus the main adsorbed species was H 3 BO 3 as B(OH) 4 À underwent a repulsion from the carbon surfaces.
As shown in Fig. 5 , the boron adsorption isotherms at 25°C can be divided into two stages in the range of experimental equilibrium concentrations. For the equilibrium boron concentrations ranging from 5 to 20 mgÁL À1 the adsorption uptake of boron was found to increase drastically whatever the carbon material. A plateau was attained at concentrations higher than 20 mgÁL À1 and the maximum adsorption capacities of AC, AC OX and CCD-AC OX were 1.05, 0.95 and 1.68 mgÁg
À1
, respectively. Using the Langmuir and Freundlich models, the experimental isotherms could not be reproduced with a good correlation coefficient. One of the main drawbacks of the Freundlich equation is that it does not tend to a limiting value while the equilibrium concentration increases. The LangmuirFreundlich equation is a way to overcome this problem [34] . It is expressed as follows where q e (mgÁg
) is the adsorption uptake at equilibrium, K LF is the Langmuir-Freundlich constant, C e is the concentration at equilibrium (mg/L) and n the Langmuir-Freundlich exponent:
As shown in Table 4 , the correlation coefficients (Adjusted R 2 ) found for the simulation of the isotherms by the Langmuir-Freundlich model are higher than 0.91.
The AC sample exhibits a remarkable capability of boron removal (0.6 mgÁg À1 at a concentration of 20 ppm) higher than the value of 0.43 mgÁg À1 reported by Choi and Chen [12] . The maximum uptake found at 1.05 mgÁg
, was much higher than the value reported by Foo et al. for an activated carbon prepared from banana frond [9] and the 0.77 mgÁg À1 maximum uptake of elemental boron on a commercial activated carbon reported by Rajakovic et al. [35] . The oxidation of the activated carbon by nitric acid did not promote the boron adsorption as it yielded to a decrease in the porous volume and an increase in acidic oxygenated surface groups content (such carboxyl groups) which remained ineffective to adsorb boron. Fig. 5 shows the high affinity of boron for the CCD and CCD-AC OX surface. The high capacity of CCD was explained by the presence of high content of phenolic groups formed through the dehydration of cyclodextrin though a small porous volume. The highest adsorption capacity for CCD-AC OX despite its lowest specific surface area suggests that the presence of amorphous carbon from cyclodextrin with phenol functional groups covering oxidized activated carbon can provide accessible complexation sites for boron species. This result confirmed that adsorption of boron on carbon materials is mainly governed by the complexation of boron species with electron donors (mainly OH groups or carbonyl groups).
Conclusion
An activated carbon was prepared by phosphoric activation of an olive factory residue and further oxidized by nitric acid treatment. The oxidation resulted in a slight decrease in the pore volume and the surface area. Acidic surface functional groups (mainly carboxylic groups) were produced after nitric acid oxidation. The decrease in the micropore volume was attributed to the pore blocking by the surface oxygen groups formed through oxidation. The oxidized activated carbon was also reacted with cyclodextrin in sulfuric acid solution (0.6 molÁL À1 ). In this reaction the cyclodextrin was dehydrated and transformed into an amorphous carbon so that a composite was prepared. Another amorphous carbon was prepared by the direct reaction of cyclodextrin with sulfuric acid. The amorphous character of the atomic structure was confirmed by Raman spectroscopy and X-ray diffraction. The composite and amorphous carbon display very low specific surface areas compared to the activated carbons. However their surface chemistries, very rich in phenolic groups, were an advantage for boron removal from water.
In terms of boron removal capabilities measured at pH 9.26 in water, the highest one was found for the adsorption on the composite carbon (1.68 mgÁg À1 for CCD-AC OX ) compared to other materials (1.41, 1.05 and 0.95 mgÁg À1 for CCD, AC and AC OX respectively) . This highest adsorption capacity for CCD-AC OX suggests that the presence of amorphous carbon covering the activated carbon introduces phenol functional groups that can be additional accessible complexation sites for the boron species. Similarly, the presence of very high content of phenol groups in the amorphous carbon prepared from cyclodextrin dehydration allowed a high capacity for boron removal. This opens new perspectives in the field of adsorbent materials, in order to prepare very efficient carbon adsorbents for environmental boron remediation by the dehydration of carbohydrates. 
